There are various electrochemical approaches to save energy, mostly by means of equipment improvement coupled with other water treatment technologies. Replacement of DC power with pulse power, modified reactor coupled with photocatalysis can decrease cost. But more or less additional input is developed, or infrastructure has to be replaced. In this paper, an N-Step electrochemical reactor, based on stage reaction modeling, is put forward. On the basis of not changing equipment investment and by adjustment of the operating current density at different levels, power consumption decreases. This model develops a foundation of electrochemical water treatment technology for the engineering application.
Introduction
As the origin of life, water is considered a foundation of survival of all life on earth. Since the 1950s, with the development of chemical industry, a large amount of industrial wastewater, especially hypersaline wastewater, was discharged into water bodies, not only to cause water biological birth defects and a large number deaths [1] but also to develop a serious threat to human survival. Therefore, the water pollution problem needs to be solved. Large amounts of hypersaline wastewater emission, doubtlessly, results in an embarrassing problem to the environmental protection. In view of its characteristics of "hypersaline," if the biochemical method is adopted, the high concentration inorganic salt elements such as Na + , Cl − , K + , Ca 2+ , and SO 4 2− [2] [3] [4] in wastewater must restrict the growth of microorganism in the sludge and even kill microorganisms [5] [6] [7] . Therefore, using common biochemical method to treat hypersaline wastewater is not adaptable to meeting emissions standards.
Because of the characteristic of hypersalinity, it is wastewater's good electrical conductivity that provides good alternatives for electrochemistry to treat hypersaline wastewater [8, 9] . Catalytic electrooxidation refers to the organic matter to gain or to lose electrons in the external electric field of the reactor through redox reaction or through the anode to produce the strong oxidizing agents such as
• OH and H 2 O 2 oxidizing organic compounds [10, 11] . The organic matter degradation pathway is more perfect, without any additional pollutants, and this method is often called organic matter's catalytic electrooxidation. This process can be used as deep wastewater treatment separately. It can also be used as pretreatment process of biochemical method to improve the effluent BOD 5 /COD, to provide better support for subsequent biological treatment [12, 13] . The high operating cost of electrochemical processes is the major obstacle of their wide use. It is not the first choice for wastewater treatment process. Main causes of the high cost of electrochemical processes are the electrode material, the structure of reactor, and so forth.
With respect to engineering application, electrochemical reactor is developed which has the energy-saved characteristics and it is important for the reactor to be adaptable to hypersaline organic wastewater treatment [14] [15] [16] [17] .
Accordingly, on the basis of wastewater characteristics and electrochemical reactions' characteristics, N-Step electrochemical reactor operation, with multiple powers to make real-time operating current density under the limit levels, with current efficiency in each stage to reach about 100%, is put forward. It can reduce the input power consumption and also can greatly reduce the reaction time, so that the reactor equipment investment is reduced.
Experiments

Experimental Apparatus.
Experimental apparatus mainly is electrochemical reactor, DC power supply, plate, wire, peristaltic pump, rubber tube, bucket, and so forth. The apparatus is shown in Figure 1 , and the specific process is shown in Figure 2 .
The shape of electrode reactor is cubic organic glass with size of 10 × 5 × 15 cm, and effective volume is 0.5 L with a hole at the bottom of the reactor reaction zone to ensure uniform water distribution. The decorated overflow wire locates at the top. Cathode and anode plate with size of 10 × 10 cm survive on either reactor side. Cathode is composed of Ti plate, whereas anode consists of RuO 2 -IrO 2 /Ti, PbO 2 /Ti plate. Cathode connected to a DC power's negative electrode; however, anode connected to the power's positive electrode. By means of the DC power supply voltage current size can be reflected. Activated carbon, with particle size of 35 mm, filled in the space between the plates. Reactor can be introduced into the reaction zone through peristaltic pump, and water can be collected in both inlet and outlet by buckets.
Experiment and Analysis Methods
Experimental Water Samples.
This experiment uses the mixed phenol wastewater. Its main organic matter is phenol with molecular formula of C 6 H 6 O and with relative mass of 94.11.
Experimental Methods
Pretreatment of Activated Carbon and Plate. Plate was immersed into dilute HCl (0.1 mol/L) and then immersed in dilute NaOH (0.1 mol/L) to remove electrode surface grease and residual organic matter and then washed with deionized water. Activated carbon was first washed with deionized water and then is boiled for 30 min in dilute HCl (0.1 mol/L) twice, after it was boiled for 30 min in dilute NaOH (0.1 mol/L) twice. And then it is put in deionized water to boil for 30 min twice. Finally, it was transferred to electrochemical reactor. The prepared Na 2 SO 4 solution (3%) was pumped into the reactor with peristaltic pump for electrolysis for 30 min. But activated carbon has adsorption performance, and, therefore, before formal experiment, activated carbon is socked into phenol wastewater until concentrations are almost the same before and after phenol soaking.
Phenol Wastewater Degradation Experiment. To prepare phenol wastewater, 0.1 mol/L of anhydrous Na 2 SO 4 as wastewater electrolyte is added, and through peristaltic pump the wastewater is pumped into the three-dimensional electrode reactor. By adjusting the power, the preset electric current density is kept for the whole reaction. After the electrolytic reaction, water samples are taken out to go on the next treatment. Next treatment is the same as the previous one.
Analysis Methods
Phenol Determination. The determination of phenol adopted 4-amino antipyrine method [18] .
COD Determination. Determination of COD adopted potassium dichromate reflux method [19] .
Calculation of Mass Transfer Coefficient. The rate of electrochemical reaction depends on the speed of mass transfer. In the electrochemical reaction system, the mass transfer effect was greatly enhanced by the addition of the filler particles. However, organic compound needs to be disused for the surface of the anode to be oxidized.
In electrochemical system, mass transfer mainly includes convection, diffusion, and electric migration, and mass transfer coefficient calculation methods are hydraulic method, rotating disk electrode method, and empirical method. Hydraulic calculation of mass transfer coefficient does not involve the concentration of organic wastewater, the axial back mixing, electrochemical operating conditions, and other factors. Rotating disk electrode calculation of mass transfer coefficient does not consider the effect of reactant species. For the complex industrial wastewater, this method is not adaptable to the calculation of mass transfer coefficient . Empirical method is our laboratory results, coupled with the hydraulics, electrochemical, and liquid properties and bed configuration factor, and the influence of backmixing is considered, and the consistence with experimental results is better than the former two methods.
Through a lot of experimental research, raw water organic matter concentration, operating electric current density, plate materials, and other factors are introduced, and the influence of the radial, axial backmixing is considered, and general nonlinear measurement equation of mass transfer coefficient is put forward on the basis of reactor geometrical configuration, liquid phase characteristics, and operating current density [20] :
where is operating current density; Sc is the Schmidt number; is diffusion coefficient; is packing diameter; is hydraulic radius; 0 is plate length; is correction coefficient, this paper takes 0.3; and Re is the Reynolds number.
The coefficients of hydraulic computation formula are as follows:
where is dynamic viscosity of water; is gas constant, 8.314 J/(mol⋅K); is temperature, and : 0 is molar conductivity, S⋅m/mol. As can be seen from formula (3)- (6), the methods of increasing mass transfer coefficient [21] are as follows.
Increase of Inlet Water Velocity of the Reactor.
Increased velocity can increase Reynolds number to strengthen mass transfer. Reduction of the water area can complete the task. The shape of the reactor tends to be a tubular shape.
Reduction of the Raw Water Organic Matter Concentration.
Organic matter concentration increases, and the viscosity of wastewater also increases, which affect the mass transfer. But when wastewater is emitted, water quality has been determined and thus alteration of organic matter concentration in wastewater to strengthen mass transfer cannot be achieved.
Improvement of Wastewater Conductivity.
Increasing the salinity of water can increase the working voltage in the same electric field intensity; thus, the electromigration of these reaction particles is promoted. And at the same time increasing the response current and the local backmixing effects caused by concentration difference is weakened.
Reduction of Size of Packing Materials. The particle size is smaller, the packed bed void fraction is smaller, and the local velocity increases to increase the Re values. In addition, the fillers with small particle size can reduce the reactor hydraulic radius reaction, so as to reduce the influence of backmixing. Double electric layers are important factors affecting mass transfer; the smaller the thickness, the larger the mass transfer speed.
Reaction in Large Operating Current Density. If the operating current density is larger, the oxidation of organic matter is faster, and the oxidation zone goes into deeper region. Local area organic matter concentration difference is less, so that the concentration polarization is effectively reduced.
Results and Discussion
Adoption of N-Step electrochemical reactor to treat phenol wastewater obtains ideal results. Compared with the constant current operation mode, N-Step electrochemical reactor decreases the cost and lays the foundation for engineering applications.
Comparison of Phenol Wastewater Treatment by N-Step
Mode with Constant Current Electrochemical Reactor. As shown in Figure 3 , for treatment of the same wastewater with constant current and N-Step operation mode, respectively, organic oxidation is the control step at the early stage of organic matter oxidation due to app < lim . So, at the early stage of organic matter oxidation, the COD changes in constant current and N-Step operating mode are entirely consistent, as shown in Figure 3 (a). Under the two operating modes, the difference of organic matter removal is not obvious. But, with cross flow operation mode, side effects increase, power consumption increases at the rear stage of organic matter oxidation due to app > lim , as shown in Figure 3 (b), and adoption of cross flow operation mode treats phenol wastewater not to be economic. When N-Step electrochemical reactor is used to treat wastewater, power consumption shows the stepwise decreasing trend.
Different Wastewater of Various Phenol Concentrations to be Treated by N-
Step Electrochemical Reactor. The various phenol concentrations of wastewater are prepared. Influence of initial concentration on the treatment effect is determined by analysis of the change of phenol and COD concentration after several periods of running the electrochemical reactor, where RuO 2 -IrO 2 /Ti is used as anode at constant salinity and constant flowing rate. Wastewater with phenol concentrations of 400, 600, 800, and 600 mg/L was prepared, respectively. N-Step electrochemical reactor treats the said wastewater at constant 3% electrolyte (anhydrous Na 2 SO 4 ) concentrations and at constant 0.6 L/h input water flow rate of peristaltic pump. In order to ensure each level of organic oxidation in reaction, the operating current density at various levels should be determined according to formula (3)- (7), to reach minimum overall operating cost. The change of phenol removal rate and COD concentration over time are shown in Figures 4 and 5 , respectively.
As can be seen in Figure 4 , at the same flow rate, the same anode, the same salinity, and the same reaction time, the phenol removal percentage in phenol wastewater with initial concentration 600 mg/L reached 83.144%, the highest in the figure. But 4 kinds of wastewater are treated at various current operation modes; however, N-Step operating mode is used, so that the difference of operating current density is large and wastewater works by the removal rate cannot be identified. But it is concluded that the required current density is larger at large raw water phenol concentration compared with low concentration wastewater under the same operating series. Or, compared with low concentration wastewater, at each level adopting the same current density, if higher concentration wastewater is achieved in the same removal rate, more series is required. Therefore, when the raw water phenol concentration is higher, the power consumption of per-ton water processing will be higher.
As can be seen in Figure 5 , the removal rate of phenol wastewater with initial concentration 600 mg/L is the maximum at the same flow velocity, the same anode, the same salinity, and the same reaction time. As for phenol removal, it cannot be determined for COD removal effect in 600 mg/L phenol wastewater to be optimal, but it can be identified indirectly by the size of the power consumption. From Figure 5 (h) it can be seen that when the phenol initial concentration is 600 mg/L, power consumption is the minimum. Too high or too low initial concentration will increase wastewater treatment cost. The main reason is that when the organic matter concentration in raw water becomes larger, the same removal percentage required more electricity to achieve the same result. When organic matter concentration in raw water is low, the required electricity is reduced, but the current density is too small, the removal percentage is very low. Therefore, only raw water concentration is moderate; removal of per-COD power consumption need the minimum power consumption. As can be seen in Figure 5 , when N-Step electrochemical reactor treats different mass phenol concentration wastewater, per-COD power consumption tends to be gradually reduced and therefore is consistent with theoretical model; the more the series are, the less the energy need. Table 1 is the relation and related coefficient treating different concentration phenol wastewater. But the actual processing effect requires further inspection, because it is uncertain whether it is consistent with concentration prediction model.
It is needed to test similarity degree between theoretical value and measured values with rank tests. According to the theory and measured data (Table 2), use of 1 and 2 expresses the mean of theoretical and the measured data at significance level = 0.05. Suppose that test is
Data is arranged from small to large, the sample rank of the COD for theoretical value of different phenol concentrations wastewater would be 1 (400 mg/L) = 1 + 2 + 3 + 4 + 5 + 6 + 11 + 15 + 17 = 64, respectively, when H 0 is true, 
Now observations r 1 = 64 substitute into the rejection region calculation value 1.90 < 1.96, so H 0 is accepted, and there was no significant difference between theoretical COD and actual COD.
Similarly, when the initial phenol concentration of wastewater is 600, 800, and 1000 mg/L, respectively, r 1 values 73, 68, and 70, respectively, substitute into the rejection region, its value was 1.1, 1.54, and 1.37, respectively, all less than 1.96, so H 0 is accepted, and there was no significant difference between theoretical COD and actual COD. A significant difference between theoretical and actual power consumption was verified with the same method as those between theoretical COD and actual COD. When the initial phenol concentration of wastewater is 400, 600, 800, and 1000 mg/L, r 1 value is 59, 64, 36, and 40, respectively. When H 0 is true, ( 1 ) = 1/2 1 ( 1 + 2 + 1) = 68, ( 1 ) = 1/12 1 2 ( 1 + 2 + 1) = 90.67, and rejection region is 1 − 68 √ 90.67 ≥ 0.025 = 1.96.
Observation values are introduced into the rejection region, its value was 0.11, 0.42, 3.36, and 2.94, respectively; when the initial phenol concentration of wastewater is 400, 600 mg/L, respectively, there was no significant difference between theoretical and actual power consumption. The reason is that when wastewater organic concentration is high, the removal of organic matter is small at small operating current density to process wastewater. And, in the practical wastewater treatment, the fluctuation of water may cause wastewater power consumption to rise sharply at specific level, though small removal percentage survives in certain levels. This phenomenon causes the order of the actual power consumption to distribute at a wide range, to influence the outcome of the rank tests.
Different Electrolyte Concentration Phenol Wastewater Treatment Using N-
Step Electrochemical Reactor. The various phenol concentrations of wastewater are prepared. Influence of initial concentration on the treatment effect is determined by analysis of the change of phenol and COD concentration after several periods of running the electrochemical reactor, where PbO 2 /Ti is used as anode at constant salinity and constant flowing rate.
Salinity concentration of 1%, 2%, 3%, and 4% (g/mL) wastewater were prepared, phenol initial concentration is 600 mg/L, and peristaltic pump inlet rate is 0.6 L/h. Due to the same organic matter concentration of the four kinds of wastewater, the same value of operating current density for the four kinds of wastewater at all levels is adopted, and the change over time of phenol and COD concentration removal percentage is shown in Figures 6 and 7 .
As can be seen in Figure 6 , in the same organic matter concentration, the same flow rate, the same anode, and the same reaction time, removal percentage of phenol wastewater with salinity being 1%, 2%, 3%, and 4% reached 79.9%, 93.359%, 85.1%, 9 and 1.781%, respectively. While 4 kinds of wastewater are not in constant current operation mode treatment, the organic matter concentration of wastewater is the same, so at each level current density of N-Step electrochemical reactor operating mode is the same. As can be seen in Figure 6 , when raw water salinity is 2%, the phenol removal efficiency is the best. Increasing wastewater salinity can increase wastewater conductivity and promote electron transfer. When the salinity is high, SO 4 2− will be adsorbed on the surface of Ti/PbO 2 anode, which affects the production of
• OH and then influences the electrochemical reaction. In addition, from the economy, the more the wastewater electrolyte is, the more the processing cost is.
As can be seen in Figure 7 , it is consistent with phenol removal. When the salinity is 2%, COD removal efficiency is the best. The main reason is consistent with phenol removal. From Figure 7 (h), you can see that when raw water salinity is 2%, per-COD removal power consumption is the lowest; the main reason is that addition of electrolyte can improve wastewater conductivity and improve the treatment effect, thereby reducing energy consumption. But when wastewater salinity is high, it will promote the • OH generation at anode.
As can be seen in Figure 7 , when N-Step electrochemical reactor treats different mass concentration of phenol wastewater, per-COD power consumption tends to gradually reduce, and therefore it is consistent with theoretical model; the more the series, the less the reaction need. Table 3 Similarly, when the wastewater salinity is 2%, 3%, and 4%, its theoretical and practical power consumption were not significantly different; when the salinity is 1%, its theoretical and practical power consumption have the distinctive difference. The reason is that, at the same operating current density treat wastewater, low salinity wastewater conductivity is poor; therefore, applied voltage is higher; at the same removal rate, power consumption is higher, causing the order of the actual power consumption to be fixed in a wide range, to influence the result of the rank tests. Therefore, from economy, electrochemical water treatment technology is not adaptable to low salinity wastewater.
Conclusion
N-
Step electrochemical reactor treats different mass concentration of phenol wastewater. The greater the concentration of organic matter is, the less the electricity needed is. If the concentration of organic matter is lower, the removal effect in the small current density is not ideal. N-Step electrochemical reactor treats different salinity of phenol wastewater. When salinity is 2%, the organic matter removal effect is the best, and the power consumption is the lowest. When the electrolyte concentration is low, the wastewater conductivity is low, and mass transfer is slow. When the salinity is high, SO 4 2− will be adsorbed on the surface of anode to influence
